Background
determination is the expression of the proneural bHLH Understanding the regulatory logic that allows intercellutranscription factor, Atonal, upon which R8 specification lar signaling to define complex patterns is one of the depends [4, 5] . Atonal is first expressed in a uniform band prime goals of developmental biology. The Drosophila eye of cells ahead of the furrow; at the posterior edge of the has emerged as a useful model for this question since its Atonal stripe, uniform expression breaks up into regularly development is largely controlled by interactions between spaced clusters of cells. These proneural clusters are furequipotential cells and because it has a clear and striking ther refined into groups of 2-3 cells, from which the R8 pattern; the individual facets of the compound eye, the is chosen. Ultimately, Atonal expression is restricted to ommatidia, form a regular hexagonal array. This array is the R8 precursor cell itself [5] [6] [7] . The role of signaling laid out in the third larval instar, when a posterior-tothrough the MAP kinase (MAPK) signaling cassette in anterior wave of development sweeps across the eye imagthe regulation of atonal expression, and thereby R8 cell inal disc and leaves developing ommatidia in its wake.
spacing, has been highlighted by the observation that the At the front of this wave is the morphogenetic furrow, in repression of atonal expression between the proneural which regularly spaced ommatidial founder cells, the R8 clusters is dependent MAPK activity within the clusters, photoreceptors, are determined. Each successive row of and this, in turn, is dependent on Atonal function [8] . How R8 founder cells is staggered with respect to its predecesis MAPK activated by Atonal in the proneural clusters, and sor, so that successive rows are precisely out of phase.
how does the repression of Atonal between clusters fit These two phenomena, regular R8 spacing and the staginto an overall scheme of patterning? gering of R8 cells in successive rows, produce the basic hexagonal array that is seen in the adult eye (for reviews
The epidermal growth factor receptor (Egfr), which sigon eye development see [1, 2, 3] ).
nals principally through the Ras/MAPK pathway, may regulate ommatidial spacing, although the published reThe earliest manifestation of ommatidial spacing and R8 ports on this aspect of the receptor's function are contrathis and other data we synthesize a model of R8 spacing. This model comprises a self-organizing network of interdictory. The earliest indication that the Egfr controls ommatidial spacing was the discovery by Baker and Rubin cellular signaling.
[9] that the rough-eye mutation Ellipse was an allele of
Results
the Egfr. Ellipse mutant eyes have fewer than the normal A primary defect in R8 spacing in Egfr Ϫ clones number of ommatidia, and the earliest visible defect is In previous work, we have shown that R8 cell spacing the abnormally large spacing between R8 founder cells.
was disrupted in clones of cells mutant for Egfr ( Figure  As Ellipse is a hypermorphic allele of the Egfr, it was 1a,c and [11]). However, we also showed that cell death concluded that Egfr signaling inhibits ommatidial formawas substantially elevated in these clones, and we were tion. This was apparently contradicted by subsequent therefore unable to tell whether the spacing defects were work that highlighted the importance of the receptor in a direct consequence of Egfr loss or were secondary to triggering cell determination in the eye -that is, in cell death (they might simply reflect nonspecific defects promoting ommatidial formation [10] . More recently, a in a clone in which many cells are undergoing apoptosis). number of groups have resolved this paradox by showing
To examine this, we generated Egfr Ϫ clones in a genetic that Egfr has multiple distinct functions in eye developbackground in which we blocked cell death in the eye ment. Of relevance to the present paper is the fact that, by expressing the baculovirus p35 gene under the control although the Egfr is not required for the specification of of the eye-specific GMR enhancer [18] . In these clones, R8 cells, Egfr Ϫ loss-of-function clones contain abnormally R8 cells differentiate but their spacing is still disrupted spaced R8 founder cells [11, 12] . R8 spacing is also abnor-(i.e., in this respect they resemble Egfr Ϫ control clones). mal when Egfr signaling is reduced by the expression This result implies that the Egfr function in spacing is of a dominant-negative form of the receptor or by the not secondary to cell death (Figure 1b,d ). The abnormal overexpression of the receptor's antagonistic ligand, Argos spacing is seen first as a failure of Atonal to become [13] . In contrast, Kumar et al. [14] reported that removing modulated into proneural clusters in the furrow; a broad receptor function with a temperature-sensitive allele did not affect R8 spacing.
band of fairly uniform Atonal is expressed until just posterior to the furrow. This eventually resolves into isolated Unlike the rather mixed evidence surrounding Egfr, there Atonal-expressing cells that form a disorganized array. is clear evidence for the involvement in R8 spacing of Since atonal expression does ultimately resolve to single two other signaling molecules, the receptor Notch and cells despite the lack of proneural clusters, we imagine the secreted protein Scabrous. The loss of Notch causes that lateral inhibition mediated by Notch still occurs in excess cells to become R8 photoreceptors due to the failthe Egfr Ϫ clones. ure of lateral inhibition within the clusters of cells that express atonal [15, 16] . The loss of Scabrous, a protein
We confirmed that the GMRp35 transgene was blocking cell death efficiently by staining eye imaginal discs with related to fibrinogen, also causes too many R8 cells to be specified [16, 17] . In this case the primary failure is the TUNEL, which labels apoptotic nuclei. Interestingly, not only was cell death completely blocked posterior to the loss of the proneural clusters in the furrow rather than a failure in the later process of singling out an R8 cell from furrow, where the GMR enhancer is fully active, but it was also strongly inhibited in the rest of the disc ( Figure  those clusters. 1e,f), presumably due to the leakiness of the GMR expresIt is clear that many important questions remain about sion construct (our unpublished data). We conclude from the process of R8 spacing in the developing eye. One of these results that Egfr has a primary role in regulating the main issues we address here is whether Egfr has a the spacing of R8 cells. In addition, they further confirmed primary role in spacing R8 cells and thereby in establishthat R8 specification can occur in the absence of Egfr [11, ing the overall pattern of the eye. Previous data from loss-12, 14]. of-function Egfr Ϫ clones is hard to interpret on this point as the clones showed greatly elevated levels of cell death
The major difference between the p35-protected and ordinary Egfr Ϫ clones is the greater number of neural (i.e., [11] . The observed spacing defects could therefore have been a secondary phenomenon. Other questions include, Elav-positive) cells in the former due to the cells' prolonged survival. Almost all the Elav-expressing cells also "How do the different signaling pathways that have been implicated in spacing interact with each other?" and express the R8 marker, Boss, and these results confirm that there is no substantial recruitment of the later, non-"What is the signaling logic that establishes a regular spacing pattern from interactions between cells?" Our R8 photoreceptors in the absence of Egfr signaling ( Figure  1b) . Interestingly, we do see rare cases (fewer than one longterm interest is to understand how a receptor with such diverse functions as the Egfr participates in pattern per clone) of Elav-positive cells that are Boss negative.
Because of their rarity, we have not pursued their identity, formation. We conclude that the Egfr has a primary function in establishing the correct spacing pattern, and from but we suspect that they are recruited by signaling through the Sevenless receptor tyrosine kinase. We have also examined Egfr Ϫ clones in which cell death has been blocked by the alternative strategy of removing the head involution defective gene, essential for most apoptosis, and have obtained similar results (not shown).
Egfr is responsible for all detectable MAP kinase activation in the furrow
The Drosophila Egfr signals principally through the Ras/ MAPK signal transduction pathway [19] . Our observation that Egfr signaling has a direct role in spacing the proneural clusters in the eye imaginal disc is therefore consistent with a previous report that MAPK activity within proneural clusters is necessary for the repression of atonal expression in cells between proneural clusters [8] . The MAPK signal transduction pathway is activated by a wide range of receptor tyrosine kinases, and we wanted to test whether Egfr is responsible for the observed MAPK activation in the furrow. This question was addressed by Kumar et al. [14] , who used a temperaturesensitive allele of Egfr; they proposed that Egfr does contribute to MAPK activation in the furrow, but that a second, unknown receptor tyrosine kinase is also required. We found that in clones of cells carrying an Egfr null mutation the receptor is autonomously required for all MAPK activation ( Figure 2b ); we could see no activated MAPK in Egfr Ϫ cells when we used an antibody that recognizes the diphosphorylated form of the enzyme [20] . From this we conclude that the Egfr is the only RTK that detectably activates MAPK in the morphogenetic furrow.
Interestingly, clones lacking the Egfr ligand, Spitz, have normal R8 cell spacing and MAPK activation (Figure 2c and [21] ). This finding suggests that another ligand for the receptor may be responsible for this function. A single novel Spitz-like ligand has recently been discovered in the completed Drosophila genome sequence (FlyBase ID FBgn0036744), and we speculate that this could provide the missing function in R8 cell spacing. We have hypothe- 
GMRp35, R8 cells form in the Egfr
Ϫ clones, and they survive to the of cell death, both behind the furrow, where the GMR enhancer is posterior part of the clone. Importantly, these cells do not form in expressed at high levels, and also throughout the disc, presumably a regular array, and this finding implies that lack of Egfr causes aberrant due to basal p35 expression (see text). Note especially that cell spacing of the R8 cells. Boss is localized at the apical membranes of death within Egfr Ϫ clones is almost completely suppressed (e.g., cells, whereas Elav is a nuclear protein, so the colocalization of the arrowhead sized a similar requirement for this ligand in the survival and the detector for rhomboid-1 expression are the lacZ gene, both are labeled in the same color. However, the function of Egfr in the eye [22] . Testing this prediction awaits the identification of loss-of-function mutations in ␤-galactosidase that marks the clone is cytoplasmic, whereas the one that indicates rhomboid-1 expression is the spitz-2 gene.
confined to the nucleus. In this way we can distinguish the rhomboid-1-expressing cells from the Egfr-positive
Atonal activates rhomboid-1 expression in the eye
The results described above imply that Egfr has a primary cells; this is particularly obvious in transverse optical sections of the eye disc ( Figure 4b ). We find that Egfr Ϫ cells function in ommatidial spacing and suggest that it is the only RTK that activates MAPK in the proneural clusters.
can initiate rhomboid-1 expression, and we conclude that the initiation of rhomboid-1 expression in the furrow does Since it has been shown that the transcription factor Atonal is also required for this MAPK activation [ (Figure 5a ). The pattern of Scabrous expression [25, 26] . If this were the case in the furrow, the Atonalwas nevertheless altered, which reflects the abnormal triggered expression of rhomboid-1 could not initiate Egfr spacing of cells in the furrow in Egfr Ϫ clones. signaling (as it would itself depend on prior signaling). We therefore looked at the expression of rhomboid-1-lacZ in Egfr Ϫ clones (Figure 4) . Since both the clone marker This result suggests that the inhibitory factor regulated by 
furrow; in Egfr
Ϫ clones the spacing was irregular, but the overall number or R8s was not substantially increased over that of the wild type, while in Egfr Ϫ sca Ϫ doublemutant clones, more R8s formed in the furrow and typiEgfr signaling works in parallel to Scabrous in repressing cally produced a very closely spaced row of cells that was atonal between proneural clusters. A consequent predicnot seen in the single-mutant clones. This additive effect tion is that when both Scabrous and Egfr signaling are of removing Egfr and Scabrous supports the notion that removed, the spacing defects in the furrow should be they mediate two parallel pathways and each contribute worse than those caused by either mutation alone. Conto the inhibition of atonal expression between proneural versely, if the Egfr-dependent inhibition was mediated clusters. by Scabrous, the double mutants should have the same phenotype as the single mutants. Complete loss of Scab-
Argos is not the Egfr-dependent inhibitor
rous alone causes a relatively mild defect in spacing [17] .
It has been proposed that the secreted Egfr antagonist, We analyzed clones doubly mutant for Egfr and scabrous Argos, could be the inhibitor of R8 determination between and found them to have reproducibly more severe spacing defects than did Egfr mutant clones alone (Figure 5b-e) .
preclusters [13] . We directly tested this suggestion in argos loss-of-function clones. The arrangement and spacing of Egfr/MAPK signaling then causes the production of a the developing ommatidia was completely normal, even diffusible inhibitor of atonal expression. This in turn leads in very large clones induced in a minute background (Fig- to the inhibition of atonal expression between proneural ure 5f; some examples cover more than half of the eye clusters. Although the Egfr Ϫ phenotype resembles the disc). This result implies that Argos cannot be signifiloss-of-Scabrous phenotype and both depend on Atonal cantly involved in regulating ommatidial spacing. Consiswithin the proneural cluster, we have shown that they tent with this result, it has previously been shown that operate through parallel pathways to inhibit atonal. whole eyes mutant for eye-specific argos alleles do not have substantially disrupted precluster spacing [27, 28] .
A proposed self-organizing system for R8 spacing
We can now propose a fairly simple model for how R8 Discussion spacing is controlled ( Figure 6) ; this model synthesizes We have previously observed that there are R8 cell spacthe work of several groups, including our own. A key ing defects in Egfr Ϫ clones, but we were unable to tell feature that we would like to emphasize is that it is a selfwhether this was secondary to the large amount of cell organizing system; once atonal expression is initiated at death that occurs in these clones [11] . We have now adthe posterior of the disc [29], the pattern spreads across dressed this issue; Egfr Ϫ clones in the presence or absence the whole retinal primordium without further input from of the cell death-protecting protein p35 show similar designals other than those generated by the spacing mechafects in R8 spacing. Within Egfr Ϫ tissue, isolated R8 prenism itself. The first stage of ommatidial determination cursor cells are specified, but they do not form the overall is the activation of a broad, uniform band of atonal expresregular pattern seen in wild-type tissue. The initial estabsion anterior to the morphogenetic furrow [4, 5] . This is lishment of proneural clusters within the Atonal-expressinitiated at least in part by the secreted protein Hedgehog, ing cells does not occur. We therefore conclude that the which emanates from more posterior, already differentiatEgfr does indeed regulate the initial uniformity-breaking ing ommatidia [29] [30] [31] [32] . In our model, this band of Atonal step that occurs in the morphogenetic furrow and eventuexpression becomes modulated by the combined action ally leads to the regular hexagonal array of ommatidia in of two diffusible inhibitors, Scabrous and an unidentified the adult eye. We have also outlined the genetic pathway inhibitory factor dependent on Egfr-induced signaling in which the receptor acts; Atonal activates the expression through the MAPK pathway (this work and [16, 17]), both of rhomboid-1, which in turn activates Egfr/MAPK signaling, possibly via the newly identified Spitz-2 ligand. The of which are dependent on Atonal. only the cells farthest from clusters in the previous row retain atonal expression. This produces the characteristic staggered arrangement of R8s in successive rows. Therefore, the central patterning event in establishing the overall arrangement of the ommatidia is the transformation of uniform Atonal expression into modulated expression, as controlled by a combination of Scabrous and the Egfrdependent inhibitory signal.
Once Atonal expression is initially modulated by these inhibitory factors, well-defined proneural clusters are formed by a combination of the same inhibitory signals and the autoregulatory positive feedback loop that maintains and increases atonal expression within the clusters [33] . It is this autoregulation that we suggest makes the proneural cluster cells refractory to the inhibitory signals they themselves are producing.
We do not have an obvious candidate for either the Egfrdependent inhibitory factor or for the signaling pathway it uses. We can infer, however, that it triggers the expression of the homeodomain protein Rough, as Rough expression is lost in Egfr Ϫ clones [11] . Rough is a transcription factor that represses atonal expression and that is normally expressed in a complementary pattern to Atonal within the furrow [6]. Rough expression is not affected by the loss of Scabrous (our unpublished data), which is controlled by distinct 5Ј and 3Ј enhancers. The 5Ј enhancer is autoregulatory and controls the expression of atonal from the proneural-cluster stage onward; the 3Ј enhancer is not autoregulatory An alternative Egfr-centered model of R8 spacing has and drives the earliest stage of expression. We therefore imagine been proposed by Spencer et al. [13] . In this model, Argos that Scabrous and the unknown Egfr-dependent inhibitory factor (IF) act to inhibit the 3Ј enhancer, but not the 5Ј one.
would be the Egfr-dependent diffusible molecule that prevents atonal expression and R8 specification between the proneural clusters. However, the work of a number of groups has shown that R8 specification (as opposed to atonal expression is upregulated by an autoregulatory loop spacing) occurs normally in the absence of Egfr [11, 12, just as the proneural clusters become apparent [33] . It is 14]; an Egfr inhibitor such as Argos therefore would not at this point that we propose that Scabrous and the Egfrbe expected to prevent R8 determination. This is condependent inhibitory factor act. They diffuse toward the firmed by our results demonstrating that argos null mutant anterior and inhibit atonal expression in those cells closest clones have normal ommatidial spacing, even when they are very large, as well as by earlier data showing that eyes to the inhibitory source (Figure 6 ). By this mechanism, from viable, eye-specific argos mutants (i.e., in which the of signaling molecules is that the signals themselves do not specify the outcome of signaling. Instead, the fate of whole eye is mutant for argos) have reasonably normal a cell is largely determined by the "state" of the cell that ommatidial spacing [27, 28] . Another model attributes the receives the signal, which can broadly be translated into crucial uniformity-breaking step to the secreted protein the complement of transcription factors that a cell is exHedgehog, which can inhibit atonal expression at high pressing [3, 39] . levels while activating it at lower levels [32] . This view is conceptually distinct from ours since the source of the diffusible inhibitor (Hedgehog) is not the proneural clusThere are aspects of this concept, however, that remain ters but the differentiating ommatidia, much farther posunclear. For example, it has previously been shown that terior. According to this model, rough expression would constitutively active Egfr is sufficient to trigger the differbe activated by inhibitory levels of Hedgehog. It is worth entiation of photoreceptors anterior to the morphogenetic noting that this view of ommatidial spacing is not mutually furrow, even in the absence of Atonal [11] . We therefore inconsistent with ours; several different pathways may don't understand why Egfr signaling in the proneural contribute to the patterning of the ommatidial array.
clusters leads to the production of a diffusible inhibitor of atonal expression rather than photoreceptor determina- 
Materials and methods
explanation for the results of Jarman and White is that the
Generation of mitotic clones
Mitotic clones were generated by Flp-mediated mitotic recombination level of Atonal in R8 influences the level of Rhomboid-1 [40] . In all cases, recombination was induced in second-instar larvae by which, in turn, controls photoreceptor recruitment. a 1.5 hr heat shock at 37ЊC. Mutant clones were marked by the absence of ␤-galactosidase staining, for which y w hsp70-flp;FRT 42D arm-lacZ Rhomboid-1 is expressed not only in the R8 cell but also Our results emphasize the extraordinary diversity of functions that many proteins have in eye development. We
Immunohistochemistry
Eye imaginal discs from third-instar larvae were stained as described and others have discovered at least five distinct roles for 
